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Decadal	
  Survey
• “The	
  role	
  of	
  target-­‐finding	
  for	
  future	
  direct-­‐detec8on	
  missions,	
  
one	
  not	
  universally	
  accepted	
  as	
  essen8al,	
  can	
  be	
  done	
  at	
  least	
  
par8ally	
  by	
  pushing	
  ground-­‐	
  based	
  radial-­‐velocity	
  capabili8es	
  to	
  
a	
  challenging	
  but	
  achievable	
  precision	
  below	
  10	
  cen8meters	
  per	
  
second.”

• Exoplanet	
  Ini-a-ves:	
  As	
  already	
  discussed,	
  the	
  discovery	
  and	
  
study	
  of	
  exoplanets	
  is	
  developing	
  at	
  an	
  extraordinarily	
  rapid	
  
pace.	
  It	
  will	
  be	
  important	
  to	
  make	
  strategic	
  investments	
  in	
  new	
  
ground-­‐based	
  capabili-es	
  during	
  the	
  coming	
  decade.	
  One	
  
important	
  component	
  will	
  be	
  the	
  aggressive	
  development	
  of	
  
ground-­‐based	
  high	
  precision	
  radial-­‐velocity	
  surveys	
  of	
  nearby	
  
stars	
  at	
  op-cal	
  and	
  near-­‐infrared	
  wavelengths	
  (including	
  efforts	
  
to	
  determine	
  the	
  effect	
  of	
  stellar	
  ac-vity	
  on	
  these	
  
measurements).



Agency	
  Context

• NASA	
  has	
  a	
  clear	
  need	
  for	
  Doppler	
  capabili8es	
  to	
  
support	
  current	
  and	
  possible	
  future	
  space	
  
missions

• NSF	
  has	
  other	
  priori8es	
  and	
  does	
  not	
  currently	
  
have	
  a	
  program	
  that	
  is	
  well-­‐suited	
  to	
  building	
  
these	
  facili8es



Key	
  RV	
  ques8ons:	
  Astrophysical

• What	
  are	
  the	
  near-­‐term,	
  medium-­‐term,	
  and	
  long-­‐term	
  
needs	
  for	
  Doppler	
  measurements	
  to	
  support	
  NASA	
  
missions	
  -­‐	
  how	
  many	
  stars	
  of	
  what	
  magnitudes	
  and	
  
spectral	
  types?

• What	
  are	
  the	
  astrophysical	
  limita8ons	
  on	
  radial	
  velocity	
  
precision	
  for	
  measurements	
  of	
  nearby	
  stars?

• How	
  does	
  this	
  precision	
  vary	
  as	
  a	
  func8on	
  of	
  stellar	
  type?	
  
• How	
  easily	
  does	
  single-­‐measurement	
  stellar	
  jiQer	
  
translate	
  into	
  detectable	
  planet	
  mass	
  at	
  various	
  periods?



Key	
  RV	
  ques8ons:	
  technical	
  

• What	
  approaches	
  can	
  improve	
  radial-­‐velocity	
  
instrumental	
  precision	
  to	
  the	
  astrophysical	
  limits?

• What	
  can	
  be	
  done	
  to	
  increase	
  the	
  efficiency	
  and	
  
sensi8vity	
  of	
  radial-­‐velocity	
  facili8es?

• What	
  poten8al	
  exists	
  for	
  infra-­‐red	
  radial	
  velocity	
  
precision?



Programma8c	
  and	
  Poli8cal

• What	
  are	
  the	
  benefits	
  or	
  disadvantages	
  of	
  
increased	
  investment	
  in	
  telescope	
  8me	
  (and	
  for	
  
which	
  class	
  of	
  telescope)?

• How	
  should	
  we	
  priori8se	
  increased	
  investment	
  in	
  
exis8ng	
  telescope	
  resources	
  versus	
  investment	
  in	
  
new,	
  dedicated	
  facili8es?



Outline

• State-­‐of-­‐the-­‐art	
  RV	
  Detec8ons	
  
(HIRES	
  and	
  HARPS)

• Astrophysical	
  JiQer
• Instrumental	
  JiQer

• Assessment	
  and	
  Recommenda8ons
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• Kepler follow-up
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• M2K Search 
• Rossiter Measurements
• HAT Follow-up
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M2K Search
New Search led by Debra Fischer
Focus on K-stars and M-stars
First detections soon!
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HAT-P-13b,c
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• RV survey of 238 nearby GKM dwarfs
• Search for low-mass planets (Msini = 3-30 MEarth)
• Constrain population of low-mass planets 

and planet formation theory

39%  G stars
33%  K stars
28%  M stars

Eta-Earth stars
Hipparcos (d < 50 pc)

NASA-UC Eta-Earth Program

Statistically unbiased (nearly)
stellar population:

• V < 11
• distance < 25 pc
• log R’HK < -4.7 (inactive)
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  (median	
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  (2010),	
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HD	
  156668	
  b

Star: 
HD 156668 (K3V)
distance = 24 pc
V = 8.3
[Fe/H] = 0.05 
quiet

Planet:
M sin i = 4.15 ME
P = 4.6455 d
e = 0 (fixed)

Howard	
  et	
  al.	
  (2011)



HD	
  10180	
  -­‐	
  mul8-­‐planet	
  system

Star: 
HD 100180 (G1V)
distance = 39 pc
V = 7.3
quiet

Planets:
5-7 planets
K = 0.8 - 4.8 m/s
RMS = 1.27-1.57 m/s
Nmeas = 190

Lovis	
  et	
  al.	
  (2010)

Ca
nd

id
at
e!

Note:	
  Geneva	
  group	
  uses	
  
HARPS	
  100-­‐120	
  nights/year	
  for	
  
low-­‐mass	
  planet	
  searches	
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Measurement	
  precision

Dis8nguish	
  between:

• K	
  -­‐	
  Doppler	
  semi-­‐amplitude

• Single-­‐measurement	
  precision	
  -­‐	
  1	
  m/s	
  (HIRES)	
  

• RMS	
  (O-­‐C)
–	
  Photon	
  sta8s8cs
–	
  Astrophysical	
  jiQer
–	
  Instrumental	
  jiQer

15



Photon	
  Sta8s8cs	
  -­‐	
  Naive	
  Scaling

HD	
  156668	
  (V	
  =	
  8.3)
M	
  sin	
  i	
  =	
  4	
  MEarth

P	
  =	
  4.6	
  d
K	
  =	
  1.9	
  m/s
0.6-­‐1.0	
  m/s	
  	
  	
  	
  precision/meas
Nobs	
  ~	
  100	
  	
  (~15	
  hr)

16

M	
  sin	
  i	
  =	
  1	
  MEarth

P	
  =	
  365	
  d
K	
  =	
  0.09	
  m/s
400X	
  photons
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Standard Stars - Jitter Estimate

The best standards have an 
RMS of 1.5-2.0 m/s.

These are almost always 
late G / early K dwarfs.

We do not explicitly average 

over P-modes; Texp ~ 1-5 min

~2+ m/s precision for quiet 
M stars down to M4



Velocity RMS

HIRES HARPS
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Velocity RMS

HIRES HARPS
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Astrophysical Jitter

Sources
• Acoustic Oscillations - p-modes
• Granulation
• Magnetic Activity
• Meridional Flows



Acoustic Oscillations - p-modes

Amplitude  ~ Luminosity/Mass

→ K-dwarfs better



Granulation

~106 granules on Sun
~1 km/s velocities
~1 m/s effect
~1 hr - a few days (or longer?)





Magnetic Activity



Magnetic Activity



Magnetic Activity



Doppler Periodicities from Starspots:
RMS Doppler Velocity = 0.5 Δmag Veq sin i

Makarov et al. 2010







Kepler:
Photometric  Variability

1 millimag
is common

1-2 m/s
Jitter  w/
periodicity:
P ~ 10-40d

Walkowicz & Basri 2010
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Simulation based on Sun
Model: spot group evolution,
RV signature, observing 
strategies





HARPS (1m/s)
30 min/night
10 nights/month
4 years

Most Optimistic Scenario
ESPRESSO (10 cm/s)
30 min/night
10 nights/month
4 years
most quiet star



Meridional Flows



Meridional Flows / Activity Cycles



Instrumental Jitter
HIRES RV Errors

Guiding

Zonal aberrations / vignetting

Fibers (The Solution!)

Scattered light - HIRES

Sky subtraction for faint targets



Keck/HIRES

Keck 1 Telescope

Iodine Cell
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Echelle Spectrum



HIRES RV Errors

Guiding

Zonal aberrations / vignetting

Fibers (The Solution!)

Scattered light - HIRES

Sky subtraction for faint targets



Intentional Mis-guiding

Guide Middle

Guide Low

Guide High

Extreme mis-guiding → 4 m/s



!

Intentional Mis-guiding - 
PSF Asymmetry

PSF shape changes with mis-guiding
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*
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1	
  free	
  parameter	
  (Doppler	
  shim)

2	
  free	
  parameters	
  (λ0,	
  dλ/dx)

10-­‐17	
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HIRES RV Errors

Guiding

Zonal aberrations / vignetting

Fibers (The Solution!)

Scattered light - HIRES

Sky subtraction for faint targets



!

Hartmann Mask Tests 

Hartmann Mask

!

Standard Collimator Mask



!

Iodine Spectra
R ~ 150,000 

R = 60,000 

No Hole

With Hole



RV	
  precision	
  vs.	
  Spectral	
  Resolu8on	
  (λ/Δλ)
V	
  =	
  8
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HIRES RV Errors

Guiding

Zonal aberrations / vignetting

Fibers (The Solution!)

Scattered light - HIRES

Sky subtraction for faint targets
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Fiber Input - Lick Mis-guiding Tests

PSF Stability:  ~1.0 pixel →  <0.01 pixels



Keck Fiber Scrambler

Julien Spronck - Yale



HIRES RV Errors

Guiding

Zonal aberrations / vignetting

Fibers (The Solution!)

Scattered light - HIRES

Sky subtraction for faint targets



Scattered Light - Laser Tests

Laser Exposures by Grant Hill (Keck Observatory) Stacked Image by Jeff Valenti (STScI)



Scattered Light - Laser Tests

Laser Exposures by Grant Hill (Keck Observatory) Stacked Image by Jeff Valenti (STScI)



A-band (O2) at 760 nm

Scattered Light < 70/4e4 = 0.002
Intrinsically Black?  Probably No.



A-band (O2) at 760 nm

Scattered Light < 70/4e4 = 0.002
Intrinsically Black?  Probably No.



Entire Laser Profile on Log Scale
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HIRES RV Errors

Guiding

Zonal aberrations / vignetting

Fibers (The Solution!)

Scattered light - HIRES

Sky subtraction for faint targets



Sky Contamination - Faint Stars

Kepler-8, V=13.9 mag (45 min, full moon)
4 Echelle orders: Moonlight, Sky lines, Cosmic rays



Sky Contamination - Faint Stars

Kepler-8, V=13.9 mag (45 min, full moon)
4 Echelle orders: Moonlight, Sky lines, Cosmic rays

Column cut



Sky Contamination - Faint Stars

Full Moon, Clear skies: Sky is ~3% of 
14th mag star (3 arcsec long slit)

0.8” seeing
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Sky Contamination - Faint Stars

Full Moon, Clear skies: Sky is ~3% of 
14th mag star (3 arcsec long slit)

0.8” seeing
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Stellar
Orders



Sky subtraction

SkySky Star

Cosmic ray

Subtract median
sky value from 
each pixel in 
extraction region

Essential for 
V ≥ 10 for 1 m/s



Assessment	
  and	
  Recommenda8ons

• Current	
  state	
  of	
  the	
  art:	
  K	
  =	
  1-­‐2	
  m/s,	
  quiet	
  stars

• Photon	
  sta8s8cs:	
  K	
  <<	
  1	
  m/s	
  only	
  possible	
  for	
  a	
  handful	
  of	
  
bright	
  stars

• Astrophysical	
  JiQer:	
  Need	
  for	
  demonstra8on	
  at	
  
	
  	
  	
  	
  	
  	
  	
  ~0.3-­‐0.5	
  m/s	
  before	
  trus8ng	
  simula8ons	
  at	
  0.1	
  m/s

• Instrumental	
  JiQer:	
  new	
  spectrometers	
  needed	
  -­‐	
  
	
  	
  	
  	
  	
  	
  	
  stability,	
  fibers,	
  high	
  spectral	
  resolu8on,	
  high	
  cadence



Assessment	
  and	
  Recommenda8ons
• Kepler	
  follow-­‐up:	
  

– 	
  10-­‐m	
  telescope	
  (Keck)	
  is	
  key	
  for	
  faint	
  stars	
  (V	
  ~	
  13)

– 	
  sky	
  subtrac>on

– 	
  New	
  spectrometer	
  needed:	
  3X	
  throughput,	
  2X	
  precision,	
  fiber	
  input

• TESS/ASTRO	
  follow-­‐up:

– 	
  3-­‐5	
  meter	
  telescopes	
  adequate	
  for	
  V	
  ≤	
  ~11	
  if	
  new	
  spectrometers	
  built

• Hunt	
  for	
  low-­‐mass	
  planets:

– 	
  Cadence	
  and	
  measurement	
  precision	
  drive	
  mass	
  limits

– 	
  Dedicated	
  facility	
  with	
  new	
  spectrometer	
  on	
  3-­‐5	
  meter	
  telescope

– 	
  Keck:	
  new	
  spectrometer	
  needed	
  +	
  beVer	
  cadence	
  (or	
  scheduling)



Questions?


